The development of hepatocellular carcinoma (HCC) is a multistep process associated with changes in host gene expression, some of which correlate with the appearance and progression of tumor. Preneoplastic changes in gene expression result from altered DNA methylation, the actions of hepatitis B and C viruses, and point mutations or loss of heterozygosity (LOH) in selected cellular genes. Tumor progression is characterized by LOH involving tumor suppressor genes on many chromosomes and by gene ampli®cation of selected oncogenes. The changes observed in dierent HCC nodules are often distinct, suggesting heterogeneity on the molecular level. These observations suggest that there are multiple, perhaps redundant negative growth regulatory pathways that protect cells against transformation. An understanding of the molecular pathogenesis of HCC may provide new markers for tumor staging, for assessment of the relative risk of tumor formation, and open new opportunities for therapeutic intervention.
Introduction
One of the most frequent tumor types worldwide is hepatocellular carcinoma (HCC). It is most commonly associated with chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, with chronic exposure to the mycotoxin, a¯atoxin B 1 (AFB 1 ), and is a complication of alcoholic cirrhosis. Combined with other risk factors (Table 1) , there are 0.25 ± 1 million newly diagnosed cases of HCC each year (Feitelson, 1986) . The incidence of HCC is geographically variable, with the highest frequencies observed in subSaharan Africa and in the Far East among countries where HBV and/or HCV are endemic, and in regions where al¯atoxin contaminated peanuts are consumed. HCC is also predominantly male associated, with M : F ratios of up to 2 : 1 (Beasley and Hwang, 1984) . HCC is rapidly fatal, with a life expectancy of about 6 months from time of diagnosis, and a 53% survival rate for untreated cancer over 5 years. Death is often due to liver failure associated with cirrhosis and/or rapid outgrowth of multilobular HCC. Although early HCC is cured by surgical resection, the fact that many tumors are asymptomatic, means that most patients at risk will not be diagnosed in time. These patients often present with inoperable HCC, which usually re¯ects the presence of large and/or multiple HCC nodules. Despite the high incidence and mortality, the development of an eective vaccine for HBV, combined with its universal administration to newborns in endemic countries, will signi®cantly lower the incidence of HCC within the next generation.
There is accumulating evidence for the multistep nature of HCC. For example, mutations in p53, Rb, and/or the insulin-like growth factor receptor 1 (IGF R1 ) genes have been reported in HCC Murakami et al., 1991) , while c-myc and cyclin D1 are frequently overexpressed (Nishida et al., 1994; Peng et al., 1993) . Loss of heterozygosity (LOH) involving multiple chromosomes in single tumors also strongly suggests multistep carcinogenesis (Boige et al., 1997; Marchio et al., 1997) . A multistep process is also suggested histologically, where HCC appears within the context of chronic hepatitis and/or cirrhosis within regions of liver cell dysplasia or adenomatous hyperplasia (Lencioni et al., 1994) . Both of the latter are believed to be precancerous lesions. HCC also appears to evolve from adenomas in HBV encoded X antigen (HBxAg) transgenic mice (Ueda et al., 1995) , and from similar lesions in c-myc, c-myc/transforming growth factor alpha (TGFa), and c-myc/TGFb1 transgenic mice that develop these tumors (Factor et al., 1997; Murakami et al., 1993) . Interestingly, the cmyc locus at 8q24.12-13 is ampli®ed in human HCC (Kusano et al., 1999; Niketeghad et al., 2001; Peng et al., 1993; Wong et al., 1999a) , and appears to be upregulated in microarray analysis of human tumors (Shirota et al., 2001) , suggesting that these transgenic models mimic events in human hepatocarcinogenesis. There is also histopathological variability in the presentation of HCC in geographically diverse regions of the world (Okuda, 1997) . For example, some slow growing, dierentiated HCC nodules surrounded by a ®brous capsule are common among Japanese. In contrast, a`febrile' form of HCC, characterized by leucocytosis, fever, and necrosis within a poorly dierentiated tumor, is common in South African blacks (Okuda, 1997) . While these observations suggest an underlying sequence of steps, a major problem in diagnosis and prognosis is the lack of molecular markers that characterize the pathogenic pathways that contribute to HCC (Collier and Sherman, 1998) . This knowledge would help to identify patients with early HCC and to devise speci®c intervention strategies based upon these biochemical changes. Hence, this review presents an overview on the genetic mechanisms of HCC.
Early events in hepatocarcinogenesis
Although HCC is multistep, and its appearance in children suggest a genetic predisposition exists (Chang et al., 1989) , the inability to identify most of the predisposing genes, and how their altered expression relates to histological lesions that are the direct precursors to HCC, has made it dicult to identify the rate limiting steps in hepatocarcinogenesis. However, there are a number of molecular changes that occur in high frequency within cirrhotic tissue and small tumor nodules that likely represent early changes in the development of tumor. For example, in chronic HBV infection, HBxAg has been shown to bind to and functionally inactivate the tumor suppressor, p53 (Huo et al., 2001; Ueda et al., 1995; Wang et al., 1994) , and the negative growth regulator, p55 sen , by cytoplasmic sequestration (Feitelson et al., 1999; Ueda et al., 1995) . Interestingly, both of these molecules appear to be part of senescence related pathways. In addition, there is also a direct correlation between cytoplasmic sequestration of wild type p53 and the development of altered foci, adenomas, and HCC in HBxAg transgenic mice (Ueda et al., 1995) . The ®nding that HBxAg relieves the p53 suppression of the alpha-fetoprotein gene (Ogden et al., 2000) , which is associated with the nuclear co-localization of HBxAg and p53 (Greenblatt et al., 1997) , may provide an explanation for the upregulation of alpha-fetoprotein in up to 80% of HCCs. In these and other studies (Boix-Ferrero et al., 1999; Bourdon et al., 1995; Buetow et al., 1992) , high levels of wild type p53 in HCC cells are likely to be tolerated because it is inactivated by direct binding to HBxAg, and because HBxAg has been shown to inhibit the proteasome (Sirma et al., 1998; Zhang et al., 2000) , which is responsible for the normal degradation of p53 (Maki et al., 1996) . HBxAg also transcriptionally down-regulates the expression of the translation initiation factor, sui1, as well as the senescence factor and cyclin dependent kinase inhibitor, p21 WAF1/CIP1/SDI1 , both of which inhibit hepatocellular growth (Feitelson et al., 1999) . Functional inactivation of the retinoblastoma (Rb) tumor suppressor by hyperphosphorylation has also been observed in HBxAg positive cells, resulting in the activation of E2F1 and stimulation of the cell cycle . The ®nding that these steps occur in non-tumor liver cells implies that the inactivation of these pathways represent important early steps in hepatocarcinogenesis. In addition, HBxAg appears to activate the expression of insulinlike growth factor 2 (IGF2) in premalignant proliferative nodules (D'Arville et al., 1991) and IGF R1 in hepatoma cell lines implying that HBxAg may set up an autocrine loop that enhances cell growth independent of other serum growth factors. Further, HBxAg stimulated cell growth is associated with constitutive activation of the ras/raf/MAPK and NFk-B signal transduction pathways (Benn and Schneider, 1994; Lucito and Schneider, 1992) . In this context, the recent ®nding of upregulated expression of dynein in HCC (Shirota et al., 2001) , whose anti-apoptotic eects may be associated with its binding to and inactivation of the NFk-B inhibitor, IkB, highlights a possible role for NFk-B signal transduction in tumor development. In addition to NFk-B, up-regulated expression of rhoB has been reported in some HCCs (Shirota et al., 2001) . RhoB is in the ras gene family, is associated with cell transformation, and may be a common denominator to both viral and non-viral hepatocarcinogenesis. Activa- Weak or inconsistent association with the development of HCC. c Cirrhosis, and not the underlying genetic mutation(s), appears to be the major risk factor associated with the development of HCC.
d A dose-response relationship between AFB exposure and HCC has been documented in HBV carriers with a GST null genotype.
e Familial aggregation of HCC may result from environmental agents such as HBV or HCV infections, although a genetic basis for HCC susceptibility in such families has not been excluded tion of ras and NFk-B, combined with downregulation of multiple negative growth regulatory pathways, then, may contribute importantly to early steps in hepatocarcinogenesis.
Similar studies with HCV proteins have just begun. HCV core and nonstructural protein 5A (NS5A) have been shown to have trans-activating properties (Kato et al., 1997; Ray et al., 1995) . At least one strain of HCV core transgenic mice develops HCC (Moriya et al., 1998) while NS3 and NS5A have been shown to transform NIH3T3 cells (Ghosh et al., 1999; Sakamuro et al., 1995) . One way NS5A may transform cells is by binding to and inactivating the double stranded RNA protein kinase, PKR, which may act as a tumor suppressor (Gale et al., 1999) . Alternatively, HCV core has been shown to stimulate c-myc expression (Ray et al., 1995) , while NS5A suppresses transcription of p21 WAF1/CIP1/SDI1 in HepG2 cells (Ghosh et al., 1999) . NS3 binds to and presumably inactivates p53 (Ishido and Hotta, 1998) . It has also been reported that HCV core transcriptionally represses the p53 promoter in COS7 and HeLa cells (Ray et al., 1997) , suggesting that the inactivation of this tumor suppressor is an important step in HCV mediated hepatocarcinogenesis. The ®nding of a low percentage of p53 mutations in HCV infected patients with HCC (Pontisso et al., 1998) is consistent with the possibility that in HCV (and HBV) infection, one or more viral proteins may inactivate wild type p53. The constitutive activation of the mitogen activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway by HCV core expressing HepG2 cells in the presence of a tumor promoter , combined with observations that HCV core inhibits Fas and tumor necrosis factor (TNF-a)-mediated apoptosis in selected cell lines (Marusawa et al., 1999; Ray et al., 1998) , suggests additional mechanisms of cell survival that may contribute importantly to hepatocarcinogenesis. These events suggest that one or more HCV gene products may contribute to early changes in the development of HCC, although it is not clear whether the alterations observed in vitro and/or in tissue culture cells accurately re¯ect in vivo mechanisms. Recently, however, the ®nding of elevated CD40 expression in the majority of well-or moderately dierentiated HCC as well as in HCC derived cell lines, and that elevated CD40 protected cells against Fas and TNF receptor mediated apoptosis (Sugimoto et al., 1999) , suggests a mechanism whereby early tumor nodules survive immune mediated attack and removal. Although it is not clear whether HCV (or HBV) up-regulate CD40 expression, these observations provide important areas for future research.
Important hallmarks in the pathogenesis of HCC are changes in gene expression that underlie phenotypic changes in tumor development. As outlined above, viral proteins may alter the patterns of hepatocellular gene expression by transcriptional trans-regulation. Changes in gene expression associated with hyperand hypo-methylation of cellular DNA have also been observed in preneoplastic lesions (Kanai et al., 1999) and during tumor progression (Kanai et al., 1996) although the signi®cance of these changes are not clearly understood in most cases. Recently, however, a strong correlation was reported between hypomethylation of satellite DNA sequences, chromosome 1q copy gain, and the presence of a breakpoint of 1q12 (Wong et al., 2001) . It was proposed that the hypomethylation altered interaction between the CpG-rich satellite DNA sequences and chromatin proteins, resulting in heterochromatin decondensation, aberrant 1q formation, and breakage. Hence, changes in the methylation patterns of preneoplastic cells may alter genetic stability and contribute to altered patterns of gene expression that are important for tumor development.
A closer look at dierential gene expression using microarray analysis has shown up-regulation of the MAPK pathway in HCC, as well as many genes associated with an activated cell cycle (Okabe et al., 2001; Xu et al., 2001) , suggesting that their constitutive overexpression was associated with the high incidence of chromosomal instability observed in HCC. This analysis also showed an up-regulated expression of several hepatocyte nuclear factors (e.g., HNF-1, -3b, 4a, and 4g) as well as components involved in protein translation (e.g., ribosomal and poly(A) binding proteins), suggesting both transcriptional and translational changes distinguish tumor from non-tumor. Independent work has also shown up-regulated expression of a locus that maps to chromosome 6p21-22 which encodes (among other things) a ubiquitin-like protein (SMT3B) that may accelerate the catabolism of selected proteins (Shirota et al., 2001) . The latter suggests posttranslational dierences in gene expression at the level of protein stability. When down-regulated genes were examined, the majority encoded hepatocyte speci®c gene products (e.g., complement components, albumin and amyloid) and detoxi®cation enzymes (e.g., cytochrome P-450), suggesting a less dierentiated phenotype (Okabe et al., 2001) . Down-regulated genes also included several involved in retinoid metabolism (LY6E and RBP1), whose expression is associated with retinoid-induced dierentiation. The independent ®nding that several down-regulated genes in HCC were eectors of liver enriched transcription factors, the latter of which are important in liver development and dierentiation, also suggests that dierentiation is altered during hepatocarcinogenesis . These molecular changes are consistent with histopathological changes where early, dierentiated HCC slowly gives rise to the moderately or undierentiated tumors that characterize late tumors. When tumors from HBV or HCV infected patients were compared, the HCV tumor cells had increased levels of enzymes (e.g., cytochrome p450IIE) that metabolize chemical procarcinogens to active metabolites. In contrast, HBV tumor cells had decreased levels of proteins (such as glutathione peroxidase) that detoxify chemical carcinogens, suggesting that tumor cells have an increased sensitivity to the mutagenic eects of chemical carcinogens. These dierences between HBV and HCV associated HCC, however, have not been independently observed (Shirota et al., 2001) .
Another early event appears to involve the mutation of b-catenin, which is a component of the Wnt signal transduction pathway whose target genes include c-myc, c-jun, cyclin D1, ®bronectin, the connective tissue growth factor WISP, and matrix metalloproteinases (Calvisi et al., 2001) . Normally, b-catenin is a submembranous protein associated with E-cadherin and participates in cell-cell adhesion. Its phosphorylation results in ubiquitination and proteasome mediated degradation. The ®nding of mutated b-catenin in early stages of human HCC (De La Coste et al., 1998; Hsu et al., 2000; Miyoshi et al., 1998) and in adenomas of c-myc transgenic mice (Calvisi et al., 2001) suggests that mutation results in alterations in normal cell-cell interactions that occur during tumor formation. In addition, the stimulated expression of extracellular matrix protein genes by constitutively active b-catenin in the nuclei suggests that b-catenin mutations may play a signi®cant role in the development of ®brosis and cirrhosis, which are lesions that precede the development of HCC. In addition, an early role for Wnt activation in hepatocarcinogenesis comes from observations that transgenic mice expressing an oncogenic (mutated) form of b-catenin rapidly develop hepatomegaly (Cadoret et al., 2001) , demonstrating that constitutively activated b-catenin strongly stimulates hepatocellular growth in vivo. However, mutant bcatenin is not associated with metastases among HCC patients (Mao et al., 2001) , which also suggests that it is an early target in hepatocarcinogenesis. Interestingly, the inhibition of the proteasome by HBxAg (Huang et al., 1996) may block the normal degradation of wild type b-catenin, resulting in its stabilization and accumulation at the early stages of tumor development, although there is presently no data to support this mechanism. Interestingly, the ®nding that p53 may down regulate Wnt signaling implies that the inactivation of p53 by HBxAg (Ueda et al., 1995; Wang et al., 1994) may increase Wnt signaling. In addition, the prevalence of b-catenin mutations in HBV negative HCCs (Laurent-Puig et al., 2001 ) is consistent with other mechanisms of inactivation (e.g., involving HBxAg and p53) being operative in HBV positive tumors. Moreover, the observation that TGFb1 promotes ®brogenesis and HCC development in transgenic mice (Factor et al., 1997) , and that TGFb1 expression is stimulated by HBxAg (Yoo et al., 1996) , provides another mechanism whereby HBxAg contributes to tumor formation through the development of cirrhosis, which most often gives rise to HCC. Although HCC is resistant to TGFb1, its up-regulated expression by tumor cells may inhibit the growth of surrounding non-tumor cells, thereby favoring tumor growth, and/or by inhibiting anti-tumor immune responses (Rossmanith and Schulte-Hermann, 2001) . It is also possible that HCV core protein stimulation of c-myc may involve the stabilization and nuclear translocation of b-catenin, although this remains to be demonstrated.
Early nodules of HCC are often small, well dierentiated, and are surrounded by a sheath of ®brotic tissue that originally formed during the development of cirrhosis. In this context, the success of tumor growth depends upon the invasion of the tumor into the neighboring portal tracts and ®brotic bands in the liver. This process is accompanied by upregulated expression of matrix metalloproteinase-1 (MMP-1) and -7 (MMP-7) (Okazaki et al., 1997; Ozaki et al., 2000) , which act by breaking down extracellular matrix, thereby permitting outgrowth of tumor. Elevated MMP-1 expression has been detected in early, dierentiated HCC, but is absent from moderately or poorly dierentiated tumor cells in late HCC. This suggests that early HCCs grow by destroying extracellular matrix, while late HCCs grow by virtue of a very high proliferative rate, and that MMP-1 expression correlates with the state of cell dierentiation. MMP-7 expression is also up-regulated in early, dierentiated tumor cells, promoting angiogenesis and the intrahepatic spread of tumor. The ®nding that bcatenin and the Ets oncoprotein stimulate of MMP-7 expression (Ozaki et al., 2000) , and that HBxAg transactivation maps to Ets binding sites on cellular genes (Park et al., 2000) , implies that HBxAg may modulate the outgrowth of early HCC by de®ning the integrity of the extracellular matrix during chronic infection.
There are several mechanisms that promote the development of mutations in the pathogenesis of HCC. Some chemical carcinogens, or metabolites thereof, are directly mutagenic. AFB 1 forms adducts with DNA and protein, and is responsible for mutation of p53 at codon 249 (Liang, 1995) . The ability of AFB 1 to cause mutations is partially dependent upon the genetics of the host. Individuals with mutations in one or both enzymes that detoxify AFB 1 are at a higher risk for the development of HCC than patients with wild type detoxi®cation capabilities (McGlynn et al., 1995) . This may explain why there is a much higher frequency of HCC in Asian compared to African HBV carriers who are exposed to similar levels of AFB 1 . In addition, the expression of O 6 -alkylguanine-DNA-alkyltransferase (ATase), which repairs the O 6 -alkylguanine lesions in DNA mediated by N-nitrosocompounds, is sequestered from the nucleus (where it is active) to the cytoplasm in the livers of HBV infected patients with cirrhosis . Interestingly, decreased ATase activity may result in G to T transversion mutations (Abbott and Sahill, 1977) that, for example, are frequently found in p53 gene mutations that accompany HCC (Bressac et al., 1991; Hsu et al., 1991) . Alternatively, ethanol sensitizes liver cells to cytokine-mediated damage and promotes the peroxidation of lipids and proteins that trigger immune responses to these altered proteins. In addition, HBxAg and HCV core antigen confer a cellular phenotype that is resistant to cytokine mediated apoptosis (Elmore et al., 1997; Markusawa et al., 1999) . The latter would protect virus-infected cells with accumulating mutations against immune elimination. This is because the in¯ammatory responses to chronic HBV or HCV infections, to prolonged AFB 1 exposure or chronic alcoholism result in the accumulation of reactive oxygen intermediates (ROI), which are mutagenic (Guyton and Kensler, 1993) . ROIs also upregulate signal transduction pathways and`primary response genes' such as c-fos, c-jun, and c-myc, which result in altered patterns of host gene expression that, in part, regulate cell growth (Guyton and Kensler, 1993) . These are some of the many paths that promote the development of mutations early on in hepatocarcinogenesis.
Integration of HBV DNA into HepG2 cells or into the host chromosomes of transgenic mice has resulted in chromosomal instability (Hino et al., 1991; Livezey and Simon, 1997) , which may contribute to LOH at many sites during chronic infection. In fact, LOH was widespread in tumors derived from HBV carriers compared to HBV negative patients (Laurent-Puig et al., 2001) , suggesting that chronic HBV infection is associated with chromosomal instability. The binding of HBxAg to p53 and to a ultraviolet light induced DNA binding protein (Becker et al., 1998) suggest that HBxAg may also directly compromise DNA repair pathways that are normally operative in the presence of elevated ROI. Oxidative stress also precedes the development of HCC in transgenic mice that overproduce and accumulate intracellular HBsAg (Dunsford et al., 1990) , and in genetic diseases characterized by intrahepatic accumulation of a cellular protein. In these cases, where the genetic defect results in protein overexpression, is tightly linked to increased risk for the development of HCC (Table 1) . Integration of HBV DNA into chromosomal DNA has also been shown to be in or near the cyclin A gene (Wang et al., 1990) , the retinoic acid receptor gene (Benbrook et al., 1988) , and several other genes that are known to regulate cell viability and growth (Gozuacik et al., 2001) , suggesting that HBV may act as an insertional mutagen in a small fraction of patients with HCC (Dejean and de The, 1990) . The great majority of HBV DNA integration events, however, are random with respect to the sites within host DNA. Many of these events result in the integration of the X gene, which usually results in the abundant production of X mRNA (Diamantis et al., 1992; Paterlini et al., 1995) and protein (Haruna et al., 1991; Wang et al., 1991a,b) in the livers of patients with chronic liver disease. Closer examination of the HBxAg polypeptide made by these integrants has shown that it is often truncated at the carboxy-terminus . Interestingly, full-length HBxAg is a transactivating protein (Rossner, 1992 ) that inhibits cell proliferation and promotes apoptosis (Elmore et al., 1997; Kim et al., 1998; Sirma et al., 1999) , while truncated HBxAg appears to have lost its transactivating function, but promotes cell proliferation and transformation in cultured cells (Tu et al., 2001 (Kishimoto et al., 1996) occur early in preneoplastic liver or in small, dierentiated tumors . Most of these losses have been mapped to tumor suppressor genes that normally limit hepatocellular growth and survival, although LOH may also include genes involved in DNA repair, in carcinogen metabolism, or that protect against oxidative damage. For example, LOH at chromosome 1p includes many putative tumor suppressor genes (Knuutila et al., 1999) , including the p53 relative, p73. The latter, which maps to 1p36, is an imprinted gene expressed only from a maternal allele (Falls et al., 1999) , suggesting that loss of the single functional copy of p73 may contribute to increased tumor susceptibility. However, the ®nding that p73 mutations in HCC are infrequent , and that p73 expression is upregulated in HCC (Tannapfel et al., 1999) , suggest that p73 is not the target of LOH at 1p. Even so, elevated p73 expression in HCC correlates with a signi®cantly poorer survival (Tannapfel et al., 1999) , suggesting that elevated p73 in tumor may be a response to physiological stresses that accompany tumor growth, such as nutrient deprivation and hypoxia. Independent evidence, however, has documented LOH at 1p36-p34 not only in HCCs, but also in cirrhotic and dysplastic nodules, indicating the presence of one or more tumor suppressors that are lost prior to the development of tumor (Sun et al., 2001) . One gene (designed RIZ), located within 1p36.13-p36.23, appears to be a tumor suppressor that is frequently deleted in HCC (Fang et al., 2000) , verifying that commonly deleted regions actually do encode negative regulators of hepatocellular growth. LOH at 6q26-27 often involves loss of the mannose 6-phosphate/IGF2 receptor (DeSouze et al., 1995) , which is also an imprinted gene that has been implicated as a tumor suppressor due to its ability to activate TGF-b1 signaling (which triggers apoptosis) and degrade IGF2 (which promotes hepatocellular growth). Mutations in the M6P/IGF2R have been detected in the majority of dysplastic liver lesions, suggesting it occurs early in hepatocarcinogenesis (DeSouze et al., 1995) . However, mutations in the M6P/IGF2R have been observed rarely (Kawate et al., 1999) or not at all in other studies (Wada et al., 1999) , suggesting other underlying mechanisms are operative in other patients. LOH at chromosome 4q has been reported in several tumor types, although putative tumor suppressor loci within 4q have not been identi®ed Knuutila et al., 1999) . Interestingly, the ®bronectin locus is located within 4q28, which is deleted early in some HCCs. This event may contribute to the loss of extracellular matrix surrounding tumors during tumor progression. Allelic imbalance in 4q has also been observed in cirrhotic nodules (Yeh et al., 2001) , con®rming the early nature of these changes in tumor development. LOH at 8p has been observed in other tumors (Knuutila et al., 1999) , and in HCC, a putative tumor suppressor gene has been identi®ed at 8p21.3-22 (Yuan et al., 1998) . The latter encodes a protein with 80% homology to rat p122RhoGAP, which catalyzes conversion of active GTP-bound Rho proteins to inactive ones. Given that the Rho family maintains the organization of the actin stress ®bers within micro®laments that are important for cell-cell contact, and that they participate in ras mediated transformation, constitutively active Rho proteins (in the absence of p122RhoGAP) could contribute to the development of HCC. Independent observations have also pointed to the existence of multiple putative tumor suppressor genes within chromosome 8p Piao et al., 1999; Pineau et al., 1999) . The recent report of allelic imbalance in 8p in cirrhotic nodules (Yeh et al., 2001) underscores that these genetic changes occur prior to tumor development. Hence, it is likely that multiple steps cooperate in the appearance of tumor.
Late events in hepatocarcinogenesis (tumor progression and metastases)
Genetic instability in HCC is highlighted by increases in the number of chromosomal aberrations with tumor development and progression (Kimura et al., 1996) . The frequency of aneuploidy also becomes more pronounced as liver lesions take on an increasing resemblance to tumor (Attallah et al., 1999) . In some studies, the state of tumor cell dierentiation is inversely correlated with the number of chromosomal aberrations (Ohsawa et al., 1996) . In multifocal HCC, nodules arising de novo within a single liver have a dierent spectrum of genetic lesions (Sirivatanauksorn et al., 1999) . Hence, there are likely to be many paths to hepatocellular carcinoma, and this is why it has been dicult to assign speci®c molecular alterations to changes in hepatocellular phenotype, clinical, or histopathological changes that accompany tumor development. This genetic heterogeneity also imposes challenges for the development of speci®c therapeutics in patients diagnosed with multinodular HCC.
LOH at 1p, 4q, 6q, 8p, 13q, 16q, and 17p are reported to occur late or in large, undierentiated tumors (Boige et al., 1997; DeSouze et al., 1995; Kishimoto et al., 1996; Konishi et al., 1993; Kuroki et al., 1995; Kusano et al., 1999; Laurent-Puig et al., 2001; Marchio et al., 1997; Niketeghad et al., 2001; Wang et al., 2001; Wong et al., 1999a; Yeh et al., 2001) . These changes also correlate with poor prognosis after initial diagnosis and with increased risk for tumor recurrence following surgery. LOH of 8p in particular has been found increased in metastatic lesions compared to primary tumors from the same patient. Fine mapping of LOH sites in 1p, 6p, 8p and 16q showed distinct minimal deleted regions for each chromosomal arm in dierent tumors, suggesting the presence of up to several novel tumor suppressor genes on each chromosome. LOH at 4q11-23 and 13q13-14 correlate with moderately or poorly dierentiated tumors, as does a gain in 11q13 (Kusano et al., 1999) , which may encode the BCL1 oncogene and ®broblast growth factor (Knuutila et al., 1999) . Allelic gains have also been reported on 1q, 8q and 17q , although the responsible loci have not been identi®ed. Independent observations have shown a common deletion at 4q35 in moderately or poorly dierentiated HCC . LOH at 4q has also been observed to occur in late tumors with p53 mutations (Rashid et al., 1999) , suggesting that chromosome 4q encodes one or more tumor suppressors that complements p53. Although some regions of LOH mapped to the same chromosomal arms deleted in preneoplastic cells or early HCC, it is likely that the extent of deletion at these sites increases with tumor progression. In addition to LOH, ampli®-cations in 1q, 6p and 17q have been frequently seen in HCC, and presumably encode one or more oncogenes, although the only known locus on these chromosomes is the ERBB2/NEU oncogene located at 17q12-q21 (Knuutila et al., 1999) . If ERBB2/NEU signal transduction is upregulated in HCC, it may activate cyclin-D/CDK and constitutive cell growth, as well as promote metastasis. These observations suggest a progressive gain and loss of genetic material during tumor progression, although these changes are dierent in individual tumors. While this heterogeneity may be real, dierences in the populations and approaches used in each study may also contribute to these ®ndings.
LOH in late stage HCC has also been frequently detected at 13q12-14, and may encompass the known tumor suppressor genes RB1 (13q14.3), LEU1 (13q14) and BRCA2 (13q12.3) (Knuutila et al., 1999; Kusano et al., 1999; Niketeghad et al., 2001; Wong et al., 1999a) . Interestingly, Rb appears to be inactivated by several mechanisms other than mutation. For example, hyperphosphorylation of Rb in HBxAg positive cells suggests functional inactivation during tumor development. Alternatively, Rb inactivation may involve overexpression of the newly described oncoprotein, gankyrin, in HCC. Gankyrin, which is homologous to the p28 subunit of the 26S proteasome, binds to Rb and promotes its degradation through the ubiquitin-proteasome pathway (Higashitsuji et al., 2000) . In addition to RB1 inactivation, LOH at 16q12-13 (Sheu et al., 1999) may be associated with the loss of RB2/p130 at 16q12.2 (Knuutila et al., 1999) , suggesting cell cycle deregulation. LOH at 16p13 has been mapped to one or more JAK binding proteins that negatively regulates the JAK/STAT signal transduction pathway Nagai et al., 2001) . Constitutive activation of this pathway by HBxAg in chronic HBV infection may also contribute to the development of HCC by stimulating cell growth by cross-talk through src and/or ras associated signal transduction. In this context, HBxAg has been shown to stimulate src tyrosine kinase(s) and downstream ras signal transduction in tissue culture cells (Klein and Schneider, 1997) . Independent results have shown an increase in pp60 c-src protein kinase activity in HCC and surrounding nontumor liver compared to normal liver in human and rat HCC (Masaki et al., 1998) , suggesting that constitutive activation of pp60 c-src is likely to play an important role in hepatocarcinogenesis. BRCA2 mutations have been rarely detected in HCC, with most being found in the germline, suggesting that such mutations may predispose to HCC development (Katagiri et al., 1996) . LOH has also been reported at 17p13, which encodes the tumor suppressor, p53 . Among its many properties, p53 prevents DNA replication, so that its frequent mutation contributes importantly to genetic instability and tumor progression. There is a strong correlation between p53 mutations, large tumor size, and poor dierentiation state (Ng et al., 1994) . Consequently, patients with p53 mutations have a poor prognosis and experience a short tumor free survival following surgery. Among AFB 1 exposed patients with p53 codon 249 mutations, LOH was also observed in chromosome 16q (Yakicier et al., 2001) , which among other things, encodes Rb. Hence, the integrity of Rb and p53 appear to be very important in the prevention of HCC. In addition to p53, LOH at chromosome 17p13 results in the deletion of another gene, designated HCC suppressor 1 (HCCS1), which localizes to mitochondria in non-tumor hepatocytes, but is absent from tumor cells. HCCS1 suppresses both colony and tumor formation of HCC cells in soft agar and nude mice, respectively, suggesting that it acts as a tumor suppressor .
LOH has also been documented at a variety of other loci in some HCCs (Boige et al., 1997; Ding and Habib, 1995; Kusano et al., 1999; Wong et al., 1999a) . For example, the tumor suppressor genes APC (adenomatosis polyposis coli), MMC (mutated in colorectal cancer), and a DNA mismatch repair gene (MSH3) are located within chromosome 5q, but their roles, if any in HCC, remain to be identi®ed (Ding and Habib, 1995) . APC mutations, for example, result in up-regulated wild type b-catenin levels and constitutive Wnt signaling. MMC is a cell cycle regulatory protein whose mutation or loss contributes to stimulated cell growth. MSH3 is important in mediating mismatch recognition and repair, so that its inactivation may promote the persistence of mutations. Mutations in another mismatch repair gene, referred to as MSH2, has been detected in about one-third of HCCs examined, and correlates with malignancy and poor survival (Yano et al., 1999) . LOH at 10q may involve loss of the PTEN tumor suppressor gene at 10q23 and the MXI1 gene at 10q24-25 (Ding and Habib, 1995; Kawamura et al., 1999; Kusano et al., 1999) . The former blocks growth stimulatory and survival signals mediated by PI3 kinase (Downward, 1998) , while the latter appears to negatively regulate c-myc (Knuutila et al., 1999) , which may partially explain how c-myc is overexpressed in most large tumors. LOH of 16p may involve loss of the axin gene (Laurent-Puig et al., 2001) , which normally promotes the ubiquitination and degradation of b-catenin, resulting in the nuclear accumulation of wild type b-catenin (Satoh et al., 2000) . LOH of 16q also correlates with metastasis, and a candidate tumor suppressor at 16q22 is E-cadherin (Niketeghad et al., 2001; Slagle et al., 1993) , whose role as a receptor in adherens junctions is essential for the maintenance of tissue architecture. Since b-catenin binds to E-cadherin, mutations in the latter correlate with the accumulation of b-catenin in the cytoplasm and nucleus, resulting in constitutive Wnt activation (Barth et al., 1997) . Loss of E-cadherin expression is also inversely related to the state of hepatocellular dierentiation (Masuda et al., 2000) , further suggesting its occurrence late in hepatocarcinogenesis. In addition to LOH, hypermethylation of the E-cadherin promoter has been proposed as an alternative mechanism for Wnt activation in HCC (Kanai et al., 1997) . Hence, genes other than b-catenin are targets for downregulated expression or mutation during tumor progression.
Hypermethylation was also frequently observed within the promoter of the CDKN2A gene, which encodes p16
INK4 located on 9p21, in both early and advanced HCC (Wong et al., 1999b) . LOH at 9p21, which also results in loss of p16 INK4 , has also been observed . Normally, p16 INK4 inhibits the cyclin dependent kinases (CDKs) -4 and -6, which block the G1 phase of the cell cycle through dephosphorylation of Rb, the latter of which binds to and inactivates E2F1. Methylation of the same promoter also inhibits production of p14
ARF from an alternative reading frame of the same gene. Interestingly, p14 ARF indirectly stabilizes p53 by binding to and sequestering mdm-2 from the nucleolus to the nucleus and cytosol (Weber et al., 1999) . Given that mdm-2 binds to and triggers the degradation of p53, the tumor suppressor properties of p14 ARF are, in part, p53 dependent. Hence, downregulated p16 INK4 expression may inactivate Rb, while the down-regulated p14 ARF expression may result in the destabilization of p53. Point mutations of the p16 INK4 locus have not been commonly found in progressively growing HCC, but have been observed in the germline, suggesting that its inactivation may predispose to HCC (Chaubert et al., 1997) . Alternatively, LOH of the p16 locus has also been reported, although these ®ndings were not associated with age, gender, size or dierentiation stage of the tumor (Liew et al., 1999) .
Other changes have also been documented late in tumorigenesis. Inactivation of the gene that encodes the integral membrane protein, KAI-1, which appears to function in cell-cell and cell-extracellular matrix interactions, is strongly down-regulated in metastatic HCC nodules (Guo et al., 1998) as well as other metastatic tumor types (Dong et al., 1995) , suggesting that KAI-1 is a tumor suppressor whose integrity prevents metastasis. Increased expression of other oncogenes has also been documented in large tumors. For example, hypomethylation or point mutations of the c-myc and c-N-ras oncogenes appear during tumor progression, and correlate with invasiveness and metastases (Pascale et al., 1993; Shen et al., 1998) . Abnormally high levels of cmet, which encodes the receptor for hepatocyte growth factor, appears to be associated with metastases (Ueki et al., 1997) . Elevated levels of growth factors and cytokines (such as hepatocyte and epidermal growth factors, interleukin-1 and -6, and tumor necrosis factor a), which often accompany chronic infections, may contribute signi®cantly to the up-regulated expression of c-met in HCC (Chen et al., 1997) . However, independent results suggest that elevated c-met expression in HCC tissues may be independent of hepatocyte growth factor stimulation, since elevated c-met was not associated with elevated hepatocyte growth factor in the livers and tumors of chronically infected patients (Noguchi et al., 1996) . Hence, LOH of negative growth regulatory genes is accompanied by up-regulation of oncogenes by a variety of mechanisms during tumor progression and metastasis.
Conclusions
Figure 1 provides an overview of some of the common changes that contribute to the pathogenesis of HCC, as outlined above, and provides a partial molecular picture of stepwise hepatocarcinogenesis. It should be emphasized that tumor and non-tumor liver contain multiple changes, and that there is variability in their pro®le among dierent patients even within single studies. Variability in the number and types of genetic changes has also been observed geographically, and depends upon the etiology of the tumor (viral, chemical or both) (Wong et al., 2000) . Epigenetic changes, such as altered DNA methylation, have been found in nontumor liver even in the absence of liver pathology, and may promote chromosomal instability, possibly through changes in chromosomal con®guration (Kondo et al., 2000) . Interestingly, viral proteins inactivate tumor suppressors (such as p53 and Rb) early in carcinogenesis that are mutated much later during tumor progression. Viral oncoproteins, such as HBxAg, may constitutively activate signal transduction pathways, such as those involving c-jun and ras, and activate oncogenes, such as c-myc, that are otherwise Figure 1 Model of stepwise hepatocarcinogenesis. Information presented is summarized from the text activated by b-catenin mutations. These ®ndings suggest common molecular targets in hepatocarcinogenesis despite dierent mechanisms of activation or inactivation (Figure 1 ). For example, while viral oncoproteins and DNA methylation may be operative prior to the onset of signi®cant liver pathology, LOH seems to occur predominantly during persistent inammation and hepatocellular regeneration, which is why liver cell damage may be such an important risk factor for HCC. A contributing factor may involve the degree of ploidy among hepatocytes, which increases with the extent of hepatocellular turnover (Gupta, 2000) . Increased polyploidy in cirrhotic livers may translate into impaired regeneration, increased apoptosis, and liver failure, while the appearance of aneuploidy (resulting from LOH) provides advantages in growth and survival that contribute importantly to tumor formation. Given that high levels of p16
INK4a
and p21 WAF1/CIP1/SDI1 are associated with polyploidization (Gupta, 2000) , which protects against carcinogenesis, it is not surprising that they are inactivated early in tumorigenesis. Hence, common molecular changes underlie changes at the cellular level that are important to the pathogenesis of HCC. However, there is also considerable heterogeneity in the up-and downregulated genes reported in microarray analyses, as well as the genetic loci that undergo mutation or LOH in dierent reports. This suggests that there are multiple pathways to HCC, and that there is redundancy in the pathways that regulate cell growth and survival. These ®ndings also re¯ect that although hepatocarcinogenesis is multistep, the molecular changes that underpin histopathological changes in tumor development are likely to be dierent in individual tumors. This may depend upon the etiology of the tumor (Table 1 ) and the genetic background of the host, but may also depend upon the state of tumor dierentiation used at the beginning of the analysis as well as the source of materials used in microarray studies. Overall, the consequences of these changes suggest that the pathogenesis of HCC is accompanied by a progressive loss of dierentiation, loss of normal cell adhesion, loss of the extracellular matrix, and constitutive activation of selected signal transduction pathways that promote cell growth and survival (Figure 1 ).
Future challenges and prospects
The challenges that face the research community include identi®cation of the most common epigenetic and genetic changes that are functionally relevant to HCC development and progression. Laboratories elucidating the cell and molecular steps in HCC must continue to have increased access to clinical samples, which include tumor, surrounding liver, and blood samples from HCC patients. It will also be important to identify germline mutations in HBV infected patients that are passed on to their children, resulting in the development of HCC in childhood (Chang et al., 1989) . Clinical materials will also be important for the validation of new markers with diagnostic or prognostic potential. Hence, there is an urgent need to establish simple and low cost tests based upon molecular changes that are hallmarks of HCC development to screen selected populations at high risk for tumor. This is very important for poor countries in Asia and Africa where HBV and HCV infections are endemic and AFB 1 exposure is common. Identi®cation of patients with early HCC will also make best use of current ®scal resources and treatments, and will signi®cantly increase survival.
Presently, the diagnosis of HCC depends upon mostly morphologic criteria. If a set of genetic alterations is found, it may permit accurate staging of lesions, proximity of such lesions to malignancy, and whether lesions with a particular genetic pro®le are still capable of remodeling through appropriate therapeutic intervention (Wu et al., 1987) . For example, the identi®cation and further characterization of tumor suppressors that are inactivated in HCC (at 1p and 4q), will be critical in realizing new targets for therapeutic drug discovery. Antitumor gene therapy will only be successful if relevant molecules, such as p53 and/or p16 INK4 , are targeted in the appropriate patients. Their ecient reintroduction would slow down the development of many HCCs, but the multistep nature of HCC suggests that other targets need to also be considered. The targeting of cytotoxic cytokines, such as tumor necrosis factor a, to established murine HCC cells by recombinant retroviruses, has been shown to prevent tumor growth when the treated cells were transplanted into syngeneic hosts (Cao et al., 1997) . Recently, the adenovirus mediated introduction of axin into hepatoma cell lines that accumulated b-catenin as a consequence of mutations in APC, b-catenin, or axin, induced apoptosis in these tumor cells (Satoh et al., 2000) . These observations not only underscore the importance of b-catenin activation and accumulation to hepatocellular transformation, but also suggests that axin could be used therapeutically to suppress tumor growth. Alternatively, the introduction of`suicide genes' into HCC cells that make them highly susceptible to drug-induced killing have also been reported (Ido et al., 2001) . Hence, elucidating the genetic mechanisms of HCC represents both a challenge and a hope.
